Abstract Bitter rot is an apple fruit disease most commonly caused in New Zealand by the fungus Colletotrichum acutatum. The timing of fungicide applications to manage this disease was investigated during two seasons. Fungicides applied during October (carbendazim), or November and December (tolyfluanid, captan and mancozeb), reduced incidence of rots expressing on trees in the orchard. Fungicides (half-strength copper oxychloride, Bacillus subtilis QST 713 and tolyfluanid) applied during January and February reduced the incidence of postharvest rots. Bacillus subtilis QST 713 applied regularly throughout the season reduced incidence of field rots, but was not effective when the number of applications was reduced. Calcium chloride (CaCl 2 ) or copper oxychloride applied during November and December reduced the incidence of sprinkler rots caused by Phytophthora cactorum.
INTRODUCTION
Summer rot of apples is a general term that has been used in New Zealand to describe a number of different symptom types on fruit, including core rots, mouldy core, wound rots and surface rots ). This study focuses on the disease commonly known as bitter rot that causes lesions on the surface of apple fruit. These lesions begin as small, 1-to 2-mm diameter dark spots, usually on the side of the fruit exposed to the sun, which can enlarge to cover the entire fruit surface with one or several orange, sporulating lesions. Lesions are 'v' shaped in cross section. Infection eventually results in fruit drop .
Historically the causal organism of this disease in New Zealand had been identified as Colletotrichum gloeosporioides (synonym Glomerella cingulata) (Brook 1977) . The inoculum sources, infection criteria and means of spread of this fungus were determined, resulting in effective control measures being adopted three decades ago. However, there has been a recent shift to Colletotrichum acutatum as the most common causal organism of bitter rot in apples, probably related to changes in fungicide use (Johnston et al. 2005) . Thus historical studies in New Zealand (Brook 1977) and overseas (Sutton 1990) , which have also focused on C. gloeosporioides as the causal agent of bitter rot, may no longer be relevant to control of this disease.
On occasion, summer rots can be caused by Botryosphaeria dothidea, and some recommendations for control of summer rots caused by this fungus have been made .
Another apple disease caused by C. gloeosporioides results in defoliation of apple trees in Brazil and south eastern USA, and is referred to as glomerella leaf spot (GLS) (Carvalho et al. 2000) . Although C. acutatum could be isolated from infected apple orchards, pathogenicity tests showed that this fungus did not cause the leaf drop disease (Carvalho et al. 2000; Gonzalez et al. 2006) .
More recently, reported C. acutatum as a causal organism of bitter rot, but the control strategy relies on applying fungicides at 10-to 14-day intervals throughout the season. Fungicide applications can be targeted, and therefore potentially reduced in number, by using a model for predicting infection periods based on temperature that has been developed for C. gloeosporioides causing GLS in Brazil (Crusius et al. 2002) . Because C. gloeosporioides has a different response to temperature from C. acutatum (Everett & Pak 2002; Everett 2003) , this model cannot be used for predicting infection periods for bitter rot in New Zealand.
Despite following a calendar spraying regime as recommended by Sutton (1990) , growers in New Zealand have been unable to control bitter rot, resulting in considerable on-orchard and postharvest losses. The present study was initiated to investigate the timing of fungicide applications required to control this disease more effectively. Fungicides with known efficacy against C. acutatum determined in vitro and in the field on avocados (Everett et al. 2005; Everett & TimudoTorrevilla 2007; Everett et al. 2008; Everett et al. 2011) were tested, along with a commercialised biological control agent with efficacy against C. acutatum (Moreira et al. 2014 ) and calcium chloride. Calcium chloride was used because of promising activity against C. acutatum in tests on detached apples (Boyd-Wilson & Walter 2009 ). The aim was to improve control of bitter rots on apple orchards by applying fungicides at the correct time during the season.
MATERIALS AND METHODS Application to apple trees
Four fungicide trials were conducted in two regions (Waikato and Nelson) over two growing seasons (2007/8 and 2008/9) on 'Royal Gala' apples to determine the optimal timing to control rots caused by C. acutatum. Three 'windows' of applications were tested, spring (October/ early November), early summer (November/ December) and late summer (January/February). Usually four applications were made during each window, except in spring where two to seven applications were made, and one late summer window where, because of rain, only three applications were made.
During 
®

Disease assessment
Disease was assessed by labelling ten randomly selected branches per tree and recording the number of infected fruit and lesion sizes at weekly intervals in 2007/8 on six occasions from 15 January to 26 February at the Waikato site and four times on 16, 31 January, 13 and 25 February at the Nelson site; and in 2008/9 on six occasions between 15 January to 23 February at the Waikato site and only postharvest in Nelson as there were too few fruit with symptoms pre-harvest. If there were several lesions on a fruit, then the lesion diameter was summed to give a total surface area affected by bitter rot. Any russet symptoms, which are due to phytotoxicity, were also recorded as incidence data. In 2008/9, 100 fruit per treatment (20 fruit from each of five trees) were placed in the coolstore at 0 ± 0.5°C and assessed following removal after 15 weeks and 7 days at 20°C.
Isolations
During 2007/8 season, isolations to identify the fungal pathogens were made from a randomly selected sub-sample of 10 fruit (one to two lesions per fruit) showing symptoms of bitter rot from each of the two sites. The surface of each diseased apple fruit was wiped with 70% ethanol, the skin was cut and peeled back, and a portion of the exposed rotted tissue excised and placed on Difco ® potato dextrose agar. After 3-6 weeks under UV/daylight fluorescent lights on a 12:12 h day:night cycle, any resultant fungi were identified by culture and spore morphology. Isolations were made from two fruit showing symptoms from each region during the 2008/09 season.
Statistical analysis
MINITAB ® (version 12) and Microsoft ® Excel were used for data analysis. The tree was the experimental unit for fruit assessments. Tree means at each week were calculated by averaging the lesion diameter measurements over all the fruit. Treatment means and their standard errors were calculated using the tree means weighted by the number of fruit per tree. There were unequal numbers of fruit per branch. Dropouts were handled by Last Observation Carry Forward (LOCF). This is a method for imputation of missing values (Powers et al. 2007) . Incidence data were arcsine transformed before analysis. The last remaining observation is carried through to remaining time points. It is assumed that dropout is due to fruit missing at random. Statistical differences were calculated using Analysis of Variance (ANOVA) followed by mean separation tests using Tukey's Least Significant Difference (P<0.05) or Dunnet's onetailed t test (generalised linear model functions of MINITAB ® ) of the final point response. To ensure that ANOVA assumptions were met, the proportional data were transformed before analysis, using the angular transformation, i.e. arcsin(sqrt(x)). Graphs were generated using Microcal ® Origin.
RESULTS
2007/8 season Waikato
There were significant differences in the incidence and severity of bitter rot between fruit from treatment 4 (half-strength copper hydroxide applied during late summer) and those from all other treatments (Figures 1a & 1b) . Application of copper hydroxide resulted in significantly more fruit with bitter rot than in the untreated control fruit. When this treatment was removed from the analysis, the incidence of bitter rot in fruit from treatments 1, 2, 3 and 5 (treatments 1 and 2, application of carbendazim and tolyfluanid, respectively, in spring; treatment 3, application of tolyfluanid in early summer; and treatment 5, application of Bacillus subtilis QST 713 throughout the season) was significantly lower than those in treatments 6 (CaCl 2 ) and 7 (control) (Figure 1a ). There were no significant differences in severity of bitter rot between treatments following removal of treatment 4 from the analysis (Figure 1b) .
Fruit russet was only significant (4.7%, P=0.05) compared to the other treatments (less than 0.5%) in treatment 2 (three applications of tolyfluanid in spring).
Colletotrichum acutatum was isolated from all fruit showing bitter rot symptoms from the Waikato orchard.
Nelson
There was no bitter rot observed on the fruit in the overhead-watered block at the Nelson orchard. Instead, a firm diffuse rot that eventually caused fruit to fall from the tree was observed and assessed. Phytophthora cactorum, which causes a disease known as sprinkler rot, was isolated from all fruit showing these symptoms.
Statistical analysis of the incidence of sprinkler rots showed that fruit from treatments 2 (seven applications of tolyfluanid in spring), 4 (four applications of half-strength copper hydroxide in late summer) and 6 (CaCl 2 in late summer) had significantly fewer rots than fruit from untreated controls and from treatments 1 (two applications of carbendazim in spring), 3 (four applications of tolyfluanid in early summer) and 5 (Bacillus subtilis QST 713 throughout the season) (Figure 2 ). (1) two applications of carbendazim in October, (2) seven applications of tolyfluanid in October/ November, (3) four applications of tolyfluanid in December, (4) four applications of half-strength copper in January/February, (5) Bacillus subtilis QST 713 from October to February, (6) CaCl 2 in January/February and (7) unsprayed control. Incidences of rots in treatments marked by an asterisk were significantly different from that in unsprayed controls (P<0.05).
2008/9 season
Waikato All fungicides applied on four occasions in early summer (November and December) provided some reduction of bitter rot, as measured on orchards, in the spray trial carried out in the Waikato region (Figure 3) . However, only captan and mancozeb provided statistically significant (P<0.05) control of bitter rot severity ( Figure  3a ; lesion diameter), and captan, mancozeb, pyraclostrobin/boscalid and tolyfluanid of bitter rot incidence (Figure 3b ; lesion number). Neither copper oxychloride nor Bacillus subtilis QST 713 applied during late summer (January and February), or Bacillus subtilis QST 713 applied in spring (October), controlled bitter rot.
Copper oxychloride applied at half strength four times during late summer (January and February) reduced severity ( Figure 4a ) and incidence (Figure 4b ; P<0.05) of postharvest bitter rot. Both Bacillus subtilis QST 713 applied during this time, and mancozeb applied during early summer (November and December), provided statistically significant reduction of incidence and severity, but to a lesser extent than copper. Colletotrichum acutatum was isolated from all fruit showing bitter rot symptoms from the Waikato orchard.
Nelson
There were too few fruit affected by bitter rot, as measured on orchards, in the spray trial in Nelson for there to be any significant differences between treatments.
Tolyfluanid applied four times during late summer (January and February) provided statistically significant reduction (P<0.05) of severity ( Figure 5a ) and incidence (Figure 5b ) of postharvest bitter rot. However, 3% of these fruit were affected by russet, which was significantly greater than the amount in the untreated control fruit (0.7%). Colletotrichum acutatum was isolated from all fruit showing bitter rot symptoms from the Nelson orchard.
Figure 3
The mean (a) severity and (b) incidence of summer rots in fruit from the Waikato 'Royal Gala' apple orchard in the 2008/9 season, for each of the nine treatments: (1) two applications of pyraclostrobin/boscalid in October, (2) four applications of tolyfluanid in November/December, (3) four applications of half-strength copper oxychloride in January/February, (4) three applications of Bacillus subtilis QST 713 in October, (5) four applications of Bacillus subtilis QST 713 in November/ December, (6) four applications of Bacillus subtilis QST 713 in January/February, (7) four applications of captan in November/December, (8) four applications of mancozeb in November/December and (9) unsprayed control. Incidences of rots in treatments marked by an asterisk were significantly different from that in unsprayed controls (P<0.05). Bars are Tukey 95% confidence intervals. The mean (a) severity and (b) incidence of summer rots in fruit from the Nelson 'Royal Gala' apple orchard in the 2008/9 season, after 15 weeks of storage at 0.5°C followed by 7 days at 20°C for each of the nine treatments: (1) two applications of pyraclostrobin/boscalid in October, (2) four applications of tolyfluanid in November/December, (3) three applications of tolyfluanid in January/February, (4) four applications of Bacillus subtilis QST 713 in October, (5) four applications of Bacillus subtilis QST 713 in November/December, (6) three applications of Bacillus subtilis QST 713 in January/February, (7) four applications of captan in November/December, (8) four applications of mancozeb in November/ December and (9) unsprayed control. Incidences of rots in treatments marked by an asterisk were significantly different from that in unsprayed controls (P<0.05). Values are means � standard errors.
Figure 4
The mean (a) severity and (b) incidence of summer rots in fruit from the Waikato 'Royal Gala' apple orchard in the 2008/9 season, after 15 weeks of storage at 0.5°C followed by 7 days at 20°C for each of the nine treatments: (1) two applications of pyraclostrobin/boscalid in October, (2) four applications of tolyfluanid in November/December, (3) four applications of half-strength copper oxychloride in January/ February, (4) three applications of Bacillus subtilis QST 713 in October, (5) four applications of Bacillus subtilis QST 713 in November/December, (6) four applications of Bacillus subtilis QST 713 in January/ February, (7) four applications of captan in November/December, (8) four applications of mancozeb in November/December and (9) unsprayed control. Incidences of rots in treatments marked by an asterisk were significantly different from that in unsprayed controls (P<0.05).Values are means � standard errors.
DISCUSSION
Tolyfluanid and carbendazim applied in spring 2007 were able to control orchard expression of bitter rot during the 2007/8 season in Waikato. However, pyraclostrobin/boscalid applied in spring during the 2008/9 season did not provide statistically significant reduction of rots, despite in vitro efficacy against C. acutatum , suggesting that infections did not occur in spring during that season. When compared with untreated controls, some reduction in incidence and severity of rots was achieved, possibly because of the persistence of this fungicide preventing some later infections. The ability of carbendazim, applied during this period, to control rots may be due to greater persistence of this fungicide than of pyraclostrobin/boscalid, allowing it to remain active to protect the fruit from infections occurring later in the season. This is supported by the results of residue testing for carbendazim in kiwifruit (McKenna et al. 2012) , which, when applied during flowering (30 October) could still be detected in fruit at harvest three months later (February 10). On apples, carbendazim residues were detected in fruit by chemical assay for up to 35 days after application of four sprays at 10-day intervals, and by bioassays it remained efficacious against apple scab (Venturia inaequalis) 15 days after application (Sharma & Bharat 1994) . In contrast, pyraclostrobin/boscalid did not persist for this length of time when applied to spring onions in the field. On this crop, pyraclostrobin was undetectable after 14 days, and the halflife for boscalid was determined to be 8.5 days (Hanafi et al. 2010) . Testing on apples is required to support this hypothesis.
Except for Bacillus subtilis QST 713, all fungicides (tolyfluanid, mancozeb and captan) applied in early summer during the 2008/9 season in Waikato were able to control rot symptoms caused by C. acutatum in the field. These results also suggest that infections did not occur in spring. Because Bacillus subtilis QST 713 applied in late summer was able to protect fruit from postharvest rots, failure of control when it was applied in early summer suggests that infection for rots that expressed in the orchard occurred in late summer. The ability of captan, tolyfluanid and mancozeb applied in early summer to protect the fruit from these infections was probably because of their greater persistence compared with that of Bacillus subtilis QST 713.
This hypothesis is supported by other studies, where there is some evidence that the fungicides may have persisted in the field for a greater length of time than did Bacillus subtilis QST 713. For example, captan could be detected in 'Jonathan' apples 15 days after application (Pogãcean et al. 2014) , and could remain active against V. inaequalis on apple foliage and fruit for 7 days after application despite simulated rainfall (Smith & MacHardy 1984) . Mancozeb persisted for an even longer period. On potato leaves, mancozeb was detected 15 days after application (Wani 2012) ; on apple leaves mancozeb persisted for 10 days (Sharma & Garg 1990 ) and in another study for 30 days (Sharma & Nath 2005) . Tolyfluanid was detected on apple skins 18 days after application (Rasmusssen et al. 2003) . In contrast, a related bacterium used for biological control, Bacillus licheniformis N1, persisted on tomato plants in glasshouse conditions only for 5 days (Kong et al. 2010) . If the infection period was greater than 5 days after cessation of the early summer applications, it is feasible that captan, mancozeb and tolyfluanid would have protected the apples but Bacillus subtilis QST 713 may not have.
Only mancozeb applied early summer and application of copper oxychloride or Bacillus subtilis QST 713 in late summer were able to control bitter rot that developed postharvest. These results suggest that only mancozeb applied in early summer 2008 was able to remain active long enough to protect fruit from infections that took place in late summer (January/February), and expressed later as postharvest storage rots.
The timing of fungicide applications to control bitter rot caused by C. acutatum generally concur with those required for bitter rot caused by Botryosphaeria dothidea, which also required applications in early and late summer for control ). However, carbendazim applications during flowering did not control summer rots caused by Botryosphaeria dothidea. For carbendazim to have lost activity, a very late infection period for this fungus may have occurred, but it is more likely that this fungicide is not as efficacious against Botryosphaeria dothidea. In in vitro tests, benomyl, a fungicide with the same mode of action as carbendazim, failed to inhibit spore germination of an isolate of Botryosphaeria dothidea from avocados, yet effectively inhibited spore germination of C. acutatum (Everett et al. 2005) suggesting that failure of control was probably due to lack of efficacy.
Copper hydroxide should not be used for control of apple bitter rot because application resulted in significantly more bitter rot than in untreated controls, suggesting that this formulation at the rates used may have damaged the apple skin, allowing easier entry of the pathogen. In contrast, copper applied in the form of copper oxychloride was able to protect fruit effectively from rots that developed during coolstorage. Therefore, only late summer application of copper in the form of copper oxychloride can be recommended from the results of these trials.
Although unintended, results from the spray trials in Nelson have provided information for control of sprinkler rots that have not been reported previously. Infections appeared to have occurred during late summer (January/ February), and a fungicide (copper oxychloride) and calcium chloride applied during this time provided good control. Calcium chloride is a relatively benign chemical not usually considered a fungicide. Earlier applications of tolyfluanid (seven applications in spring) were sufficient to provide good control during this late infection period, whereas four applications in early summer were not sufficient. The higher number of applications in spring may have ensured that enough tolyfluanid remained on the surface of the fruit to prevent infection later in the season. It is not unexpected that carbendazim applied during spring did not provide any control of sprinkler rots, because this fungicide has no reported activity against Phytophthora cactorum. Recommendations for control currently include modifying the overhead irrigation to a dripper system and adding copper to the irrigation water (Covey et al. 2014) . Avoiding overhead irrigation is an effective and simple way to control these rots, but if this is not possible then application of copper oxychloride or CaCl 2 during late summer should provide some control.
The recommendations for control of bitter rots that can be made from this study cannot include tolyfluanid, as this chemical has recently been removed from the European market because of concerns regarding nitrosamine breakdown products, which are harmful to human health, contaminating ground water (Barroso 2010) .
However, carbendazim applied during flowering, or captan, mancozeb or Bacillus subtilis QST 713 applied from early summer to harvest, should be sufficient to protect fruit from bitter rot as shown during these studies. Application of copper oxychloride as an alternative to mancozeb in late summer is recommended to prevent problems with residues in the marketplace. Application of fungicides in early summer may cause russet problems in sensitive varieties. There is some evidence to suggest that only application in late summer (January to February) is necessary in some seasons.
Further work is required to determine the infection criteria, so that the seasons in which early summer spraying is not necessary can be identified. This may provide a considerable improvement over the currently recommended practice of calendar spraying throughout the season . The failure to control bitter rot by New Zealand growers prior to this work may have been due to use of inadequate controls during late summer because of concerns about residues. Late-season applications of captan, Bacillus subtilis QST 713 or copper oxychloride are allowed under current regulations.
